Minimally-invasive laparoscopic procedures have proven efficacy for a wide range of surgical procedures, but have notable shortcomings, including limited instrument motion and reduced dexterity. Endoscopic robots, like the Intuitive Surgical da Vinci system, have become an effective tool for many types of surgeries; however, these tools still have fundamental limitations with manipulator access, which reduces their effectiveness for many surgical procedures, like colectomy, cholecystectomy, and gynecologic oncology. LESS (laparo-endoscopic single-site) robots operate in vivo, and overcome many of these limitations. Here, a four-DOF surgical robot is presented as a tool to enable refinement of the LESS platform as a surgical tool, while also looking forward to applications in telesurgery and haptic feedback.
Introduction
Traditional surgical procedures require large, open incisions to access the affected area of a patient's body. Open surgery results in complications and postoperative infections 18% more often than minimally invasive surgery (MIS).
1 Laparoscopic procedures reduce invasiveness by using one or more small incisions through which specialized laparoscopic tools, including graspers, cauteries, and endoscopic cameras, are inserted. Benefits of minimally invasive surgery include decreases in operative blood loss, postoperative pain, length of hospital stay, morbidity, mortality, and complication rates.
2 Laparo-endoscopic single-site surgery (LESS) is a type of MIS procedure that reduces the number of incisions to one; all tools and endoscopic equipment are inserted through a single incision in the patient. This further reduces patient recovery time, but demands highly-skilled surgeons to perform these procedures effectively.
All laparoscopic procedures suffer from inherent limitations including restricted instrument motion, and loss of dexterity. 3 Mature robotic platforms, such as the popular da Vinci Robot from Intuitive Surgical 4 perform MIS surgery in a similar fashion to a surgeon, using long, endoscopic tools. These robots have been shown to help mitigate control and dexterity problems, 5 but inherently suffer from a limited workspace due to their endoscopic design. An alternative to endoscopic robots, in vivo robots [6] [7] [8] insert the entire robot into the surgical environment through a single incision, which enables a large workspace, high degree of dexterity, and easy quadrant change.
But these platforms lack maturity; they require special trocars, or lack intuitive control and dexterity. Many of these in vivo robots also lack cutting-edge features, like telemedicine capabilities, haptic feedback, and semiautomated computer-assisted surgery. In this paper, we present a novel LESS robot platform designed for iterative development of next-generation technologies, like robust haptic feedback, telesurgery, augmented reality, and semi-autonomous surgery, that will fundamentally advance the surgical robotics field.
Background
Open surgery involves one large incision to access the surgical site. MIS reduces invasiveness by eliminating the large incision, and uses one or more smaller incisions. These incisions allow the insertion of multiple laparoscopic tools: scissors, cautery, graspers, and cameras. The laparoscopic tools, inserted through the abdominal wall, allow the surgeon to manipulate tissue, without a large incision in the patient. Minimally invasive surgery includes decreased operative blood loss, postoperative pain, faster return of bowel function, and fewer analgesics are necessary.
9, 10 Patients short-term recovery was faster and length of hospital stay was decreased by 28%.
11
The laparoscopic approach suffers, however, from inherent limitations including restricted instrument motion and loss of dexterity.
3 Control of the tool tips is inverted due to the constraint of the abdominal wall. Surgeons must have extensive training to adapt to the control.
12 LESS surgery reduces patient trauma and hospital stay even more than MIS. A single incision enhances cosmetic benefits, while minimizing the potential morbidity associated with multiple incisions. 13 With specialized tools, a surgeon can insert multiple instruments through one port. A single incision reduces the patient trauma, but also exacerbates the problem of limited dexterity, inverted control, and reduced vision. The tools bend to focus on the workspace; as a result, the surgeon's hands control the opposite side endeffector, and the workspace is more crowded. The use of these specialized tools shows that the benefits of LESS over MIS are valid, even at the cost of more training and harder operation.
However, with the right training, these deficiencies can be eliminated. It has been shown that an experienced surgeon can perform a LESS surgery as effectively as an average multiple-incision laparoscopic surgeon. The extra experience necessary to perform this surgery negatively impacts the applicability of the procedure. However, the LESS surgery reduces postoperative pain, and cosmesis is improved. Studies have shown 11% of single incision patients were converted to multiple incision procedures, during the surgery. This shows the surgeon needs to have extensive experience and the patient has to fit specific requirements to be suitable for single site surgery.
10, 14 These conditions must be improved to reduce the invasiveness of surgery, and increase patient safety.
Externally-actuated telerobotic systems address many of these issues, but are prohibitively large and expensive; these platforms require long setup times, limiting their use. Existing work has demonstrated the feasibility of using miniature in vivo robots fully inserted through a single, small incision or natural orifice to perform minimally invasive abdominal surgery. 15 This new approach promises a solution that is smaller, less expensive, and more adaptable than existing telerobotic systems and that further reduces invasiveness.
The commercially available da Vinci Surgical System has been the standard bearer for robotic MIS since it received FDA approval in 2000. 16 Surgeons can control laparoscopic tools from a remote workstation. The workstation grants the ability for the surgeon to make natural, intuitive movements. The system interprets the input and positions the tools accordingly. The system can filter tremors, and provides 3D vision, 12 increasing the quality of the surgery. The system was not designed specifically for LESS, but software has been developed to allow multiple arms (≤3) to focus on single site and perform surgeries. Numerous surgeries have been performed with the da Vinci in this setup, but complications arise from the crowded space above the incision. 17 The system has demonstrated the ability to perform a wide array of surgical procedures, but the system is not designed for single site surgery, thus there is a void that can be filled by more specialized robots. Da Vinci has begun developing a single port system for urological surgeries. The system delivers all the tools through an endoscopic tube, as opposed to multiple external arms, like the current da Vini system.
18
Other systems have been under development. The Raven-II is a collaborative research effort that is built around three 3-DOF arms with interchangeable 4-DOF instruments. While the da Vinci is a commercial product, the Raven-II is an open-source platform jointly built by seven universities. 19 The system is capable of similar teleoperation to the da Vinci, and has been controlled by various off-the-shelf controllers. 20 The Raven-II resembles da Vinci in approach; both systems position tool tips with robotic arms that are outside the patient. These arms pose a problem for a LESS surgery; since the tool tips are positioned by arms outside of the body they must share the workspace outside the port. This shared workspace greatly reduces the dexterity of the robot; since the arms must avoid interference, the workspace within the abdomen is decreased. For surgeries that require a large workspace and frequent quadrant changes, the surgeries become exceedingly time consuming and expensive.
Different surgical procedures pose unique difficulties including access to a specific site, large workspace, numerous veins and vessels to control. In particular, a colectomy removes a (usually cancerous) section of the large intestine. This has proven to be a difficult surgery to perform laparoscopically. Specifically, the mesentary, a membranous tissue that supplies the arteries and veins to the intestine can be hard to expose. Multiple vessels must be controlled and, due to the size of the colon, the necessary workspace is greatly increased.
11 A survey of laparoscopic colectomies showed that 17% needed to convert to open surgery, again, showing the difficulty of this laparoscopic procedure.
9 From 1998 to 2006, only 3.8% of colectomies were performed laparoscopically. 21 Current standard laparoscopic techniques are limited because the colon is large, hard to manipulate, and visualize. However, as training and robotic systems such as the da Vinci have improved, the rate of laparoscopic colectomy surgery has increased to 50.1%. 22 These rates are representative of all types of laparoscopic surgery, including multiple and single incision laparoscopic techniques, and human and robot assisted surgery. During LESS surgeries like a colectomy, it is is extremely difficult to operate with only one incision. A better platform is necessary to reduce the invasiveness of these surgeries.
In order to achieve the necessary workspace and quick quadrant change, a robot that is capable of positioning tool tips from within the body would mitigate these issues. There have been several different types of robots developed, all with unique approaches to actuation. The BioRobotics institute in Pisa, Italy has developed a two-arm robot, SPRINT, that is inserted through a single port; this work is preliminary, as control has been demonstrated, but no electrocautery interference testing has been provided and a specialized trocar is necessary. 6 The robot uses both cable and gear trains. SPRINT uses an off-board control system, with cables running to external controllers. The system has no telesurgery capabilities.
23, 24
Waseda University has developed a snake-like LESS robot which is inserted through a single port; the system deploys tools from the main tubular body. The robot is positioned by a robotic arm; the end effectors are actuated using a cable drive system. Their system has demonstrated cautery during in vivo testing 7 -however, the system has no telesurgery capabilities, 25 has problems with global position and hand-eye triangulation, and requires a custom interface using four Phantom Omni controllers in order to provide intuitive control. The surgeon had a difficult time working with the two tool controllers and the joystick for vision control simultaneously. Also, the tool tips are blocked from the field of vision when the joint is fully extended.
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The i-Snake robot, from Imperial College London, uses a hybrid cable-driven and motor-actuated robot. i-Snake is inserted through a standard trocar and has a flexible head that deploys; additionally, two cable-driven arms are inserted to manipulate tissue. Using the head and two arms, the system enables the use of three tools. However, the system cannot properly position tools for tissue manipulation. The system has demonstrated cautery functionality, but has no telesurgery capabilities. The system's three separate tool tips complicate control, as the surgeon must control the head, then transition to controlling the arms.
27, 28
The IREP robot from Vanderbilt is similar to the iSnake -it features two cable-driven arms and a head that provides vision. The system does not have cautery and no in vivo tests have been demonstrated. The cable-driven arms have a cumbersome actuation housing. Limited force at the end effectors and lack of wrist dexterity limit the system. Teleoperation systems have begun development.
29, 30
Previous work has demonstrated the feasibility of insertable robots. 
Proposed System
The proposed system consists of a LESS robot, illustrated in Fig. 1 , controlled by Geomagic Touch 33 haptic controllers. The platform features on-board motor controllers to reduce cabling and simplify iterative development of the platform. A novel software architecture was created to provide a rapid development environment for advancing technologies necessary for next-generation robotic surgery.
Mechanical Design
From a mechanical perspective, the robot was designed to minimize the size of the incision needed to access the abdominal cavity; this required creative joint design to remove as much of the drivetrain from the inserted portions of the robot as possible; furthermore, the joints of the robot must use ultra-miniature, high-efficiency motors, and use the minimum number of degrees-of-freedom required to reach the workspace. Using this hardware within the body makes the system incompatible with an MRI machine; however, MRI is not used for the abdominal surgeries targeted by the proposed system. The robot is inserted through a GelPort (Applied Medical) surgical hand port which has a required incision length of six centimeters. This incision size was considered the maximum allowable for the surgical robot. The robot must feature a separate grasper and cauterizing instrument that can be used simultaneously; to efficiently perform colectomy surgeries, the robot must have a large enough workspace to perform the procedure through a single incision.
To this end, the proposed robot uses two independent arms, each with four degrees of freedom driven by brushless DC motors. The arms are sheathed in light plastic tubing before surgery to minimize the hardware that needs to be sterilized, as shown in Figure 2 . The end effectors of the arms are designed to be single use while the rest of the robot is designed to be sterilized.While cable-driven designs provide advantages of smaller size, a gear-driven approach is intrinsically more reliable and safer, as cables can suddenly break or disengage from pulleys and compromise power transmission. The cable drives also require off-board actuator housings, by rejecting a cable drive system the system is smaller and more modular than related work. A picture of the proposed robot is shown in Fig. 1 .
The proposed robot must be powerful enough to manipulate organs and tissue, yet maintain a small profile for insertion. For this reason, an analysis of each joint was performed to ensure that the reasonably sized motors were selected for each joint. The actuators were selected based on the goal of a minimum of 2 N of force at the tip of the end effector. This force was found to be sufficient in previous versions of a two-armed robot used in a live porcine model. 34 The previous robots performed a cholesectomy and a partial colectomy, manipulating intestines and the gallbladder. 8, 31 The force at the end effector is a function of the end effector position. The required torques (T R ) for joint were computed by considering a desired output force (F Tip ) at the tip, and the joint configuration that yields the maximum length of the lever arm (d max ); this results in
The joints experience maximum torques when the robot is fully extended; the sum of the individual lengths of the manipulator links is d max . The nominal values for the output torque of each joint can be calculated as
where η j , η mj , τ j , and τ mj the efficiency and gear reduction ratio of the coupling between gears and the motor gearhead, respectively. The variable ω j is the no-load speed of the motor (37,300 rpm for 6mm motors, 27,400 rpm for 12mm motor). The variable T m is the motor torque and n is the number of gear sets in the joint's gear train. An efficiency of 95% was assumed for each gear train in a joint and will be denoted as η. Half of the nominal stall torque was used to calculate the torque at each joint.
Endoscope Electrocautery
Protective plastic sheath 
Kinematics
The kinematics of the manipulator were calculated using the Denavit-Hartenberg (DH) method, which uses four parameters to describe the kinematics. Theses parameters are
, and Θ i (joint angle). Coordinate frames were attached to each joint with the Z i axis of the frame pointing along the axis of rotation and the X axis along the length of the link, if possible. This is shown in Fig. 3 . DH parameters were assigned based on the orientation of each of the frames and are displayed in Table 1 . It should be noted that the kinematic equations were simplified by disregarding the link offsets, as the magnitudes of the offsets were small. Transformation matrices were derived for each frame with respect to the previous frame and multiplied together to yield the forward kinematics of the end effector (Frame-4) with respect to the base frame (Frame-0). The forward kinematic equations are
where c i and s i are the sine and cosine of θ i , respectively. Solving the forward kinematic equations for the joint angles in terms of x, y, and z yields the inverse kinematic equations for the workspace of the manipulator. By disregarding the the solutions that yield an inverted shoulder or elbow, the inverse kinematics are as follows:
where
Workspace
The workspace of a robotic manipulator is the volume which can be reached by the end effector; it is defined by the manipulator arrangement and the physical limits of the joints. The workspace of a surgical manipulator determines where the robot needs to be inserted to reach the desired work area. The workspace for the proposed design is shown in Fig. 4 . Each robotic arm has a workspace volume of 1400.62 cubic centimeters; the two arms share a workspace volume of 911.45 cubic centimeters. Previous work has shown that an outer radius 205 mm provided a sufficient workspace within a porcine model. However, the surgeon has pushed for shorter arms to reduce collisions of the elbows with the abdominal wall. After insertion the gross position of the robot can be adjusted to reach the area of interest. Thus, the outer radius of 175 is smaller than previous generations. In order to meet the surgeons needs. 
The Shoulder
The proposed shoulder body needed to incorporate two independent 2-DOF shoulder joints, a small rigid profile for inserting the robot, and an orifice to insert a 5mm endoscope though the body. Due to the generally larger size of gear-driven joints compared to cable-driven designs, a concentric shaft drive mechanism was designed to provide the reliability of a gear drive with a reduced profile. The shoulder joint achieves two degrees of freedom using a differential gear train. The upper arm is fixed to the planet gear and the sun gears of the differential are driven by the concentric shafts, as shown in Fig. 1 . Both sun gears must operate at the same angular velocity to output pure θ 1 rotations; to output pure θ 2 rotation, the suns must operate at the same velocity but opposite directions. The conversion from motor output angles to kinematic angles are defined as
The shafts that drive the bevel gears were lengthened to provide a rigid profile of minimal cross-section area for insertion through the abdominal wall. The innermost shaft is tapped and a single screw provides the preload for the shoulder drive train. Two Faulhaber 1226 12V brushless DC motors coupled with 256:1 planetary gearheads (55% efficient) drive a 30:12 spur set from the motor to the differential drive shaft. The output torque and angular velocity for each rotation of the shoulder was computed as
= 42.91 rpm 
The Upper Arm
The upper arm link houses the onboard actuation for the elbow joint and a motor control module. The elbows were designed to sit together when the joints are configured for insertion to reduce the cross-sectional area. The length of the upper arm link, 75 mm, was driven by the length of the actuator, motor control module, and gear train. A Faulhaber 0620 brushless DC motor coupled with a 1024:1 planetary gear box (60% efficient) transfers mechanical power from a spur gear set with a gear reduction of 16:10 to the joint through two bevel gears. The elbow torque and angular velocity was calculated as
The elbow joint is shown in Fig. 1 .
The Grasper
A forearm link was designed to house the two motors, motor control module, and gear train to actuate the wrist and grasper. A threaded spur gear drives a lead screw drive pin which, in turn, drives two links that are mated to the jaws of the grasper. The yolk of the grasping linkage has a spur gear around its circumference and is driven by a Faulhaber 0620 12V BLDC motor coupled to a 1024:1 planetary gearhead for the actuation of the wrist joint (θ 4 ). The grasper accuation and twist are decoupled in software. The final designed length of the grasper forearm is 100 mm.This design is shown in Fig. 1 . The torque and angular velocity are
The force of the grasper can be calculated by considering the force of the lead screw
where d m is the mean of the major and minor diameters of the thread, f is the coefficient of friction (steel-steel 0.5), and l is the lead of the thread. Solving the equation for a #3-56 thread, the force of the lead screw was calculated as 111.25 N. The links act as two-force members and can only transfer force along the length of the link. The lead screw force is then equal to the link force components in the direction of the drive pin motion. By solving the force on the links and applying it to the grasper arms, the grasper force was calculated as a function of the grasper position. The grasping force ranges from 40 N when the grasper is fully open to 12.5 N when the grasper is fully closed. The torques and reduction factors for each of the joints are tabulated in Table 2 .
Motor Control Module
Each joint has a local motor control module responsible for controlling the motor(s) in that joint. This has profound implications for the ease of development for the platform, robustness during runtime, and cable management.
Each motor control module uses a 75 MHz Cortex-M0+ microcontroller, plus two brushless DC bridge drivers, and an RS-485 transceiver connected to the data bus. The current consumption of each BLDC driver is fed into the MCU for measurement. The motors are commuted using Hall sensor feedback, which is also used to determine relative position of the shaft for position control; since motors are geared in the range of 256:1 or higher, the three Hall sensors provide sufficient resolution for output shaft position control. Internal software counters on the MCU are updated on interrupt events of the Hall sensor changes; by keeping an internal state machine graph of previous Hall sensor data, the software is resilient to noisy Hall signals (which appear as invalid state transitions, or states that are simply nonexistent altogether). Additionally, potentiometers optionally provide absolute positional feedback to the system. The current control software uses only the Hall sensor feedback for position control.
The motor control modules have built-in 9-DOF inertial measurement units, which can be used to infer absolute position of the joints. Additionally, the controllers have non-volatile high-speed FRAM designed to be used to quickly store and access configuration parameters and positional information to allow the robot to quickly recover during a power failure -critical for patient safety.
The controllers have built-in voltage regulation capabilities; this, coupled with the two-wire multi-drop serial bus, allows for the entire system to share a 4-wire bus running throughout the robot. The only cable leaving the robot is a USB connector and a small 12V 2A laptop power supply; this helps make the entire system extremely portable and easy to set up and operate.
This system provides immense flexibility for development; degrees of freedom can easily be added or removed by adding or removing motor control modules. Modules interface with the bus using micro-pitch 2x5 crimp-on headers and 0.25" pitch cable, which is a good compromise between size and ease of assembly; it takes less than five minutes to cable a new robot from start to finish. Since the bus uses only four wires, the unused wires on the 10-pin ribbon cable can either be removed, or used for local auxiliary functionality; the unused wires can be used as analog or digital I/O, or as an i2C bus, with the local motor control module acting as a bus master -this allows future functionality to easily be prototyped without redesigning the motor control module. Local control provides a convenient method for manipulating the robot; however, there are inherent safety concerns-ensuring power, mitigating exposed electrical conductors-but no surgical trials have exhibited these problems.
Communication Protocol
Because the haptic controllers used by the surgeon will provide continuous, streaming data at a high rate, the protocol should be extremely lightweight, and guaranteed delivery is unnecessary -if a motor control module misses a packet, another one is sure to arrive within a few milliseconds. Furthermore, because the system is designed for rapid development and iteration of technology, the protocol used should allow for automatic ad hoc configuration of motor drivers; and because the proposed system is designed for heavy in situ testing, motor control modules should be easy to replace with minimal downtime. To this end, the communication protocol was designed to be an auto-configuring, lightweight, stateless, streaming protocol. The control of the bus is maintained by the computer (acting as the "master"). Each motor control module ("slave") is addressed by the master with either a command packet (containing configuration data, setpoints, or other miscellaneous computer-to-controller data), or with a request to send a status update (which includes current shaft position, motor current consumption, board temperature, and any other relevant parameters).
A key feature of the protocol is the addressing scheme. The protocol features a random-wait auto-discover mode. When the master sends an "Associate" command, every motor control module on the bus waits a random amount of time (using an unwired ADC pin as a random number source) before replying to the master. In this way, the computer discovers the addresses of each motor control module attached; the master can identify individual boards by sending an "Identify" command which illuminates a red LED on the respective motor control module.
If a module were to fail during runtime, the defective module is simply replaced with a new one, the "Associate" message is sent out, and the replacement module is discovered by the computer, and assigned to the respective joint. The robot does not need to be powered off during this repair, which can be accomplished in less than 5 minutes. This contrasts with the previous-generation system, which required significant reconfiguration to re-wire a motor to an alternate control channel. Because of the high hourly cost of in situ surgical testing, this operation would almost certainly cancel the entire surgical procedure.
The motor control module determines its address during boot-up; the MCU on the motor control module fetches its unique, 96-bit serial number (which is programmed at the factory and cannot be overwritten by user firmware). It hashes this 96-bit serial number to a 32-bit device address using a sufficiently pseudo-random process. While not guaranteed to be globally unique, it is highly unlikely that a random selection of any reasonable number of motor control modules would contain two or more boards would have 96-bit serial numbers that would hash to the same 32-bit value. Hashing the address from the on-die serial number allows every motor control module to be programmed with identical firmware.
Software Architecture
Rather than using off-the-shelf controls/automation systems (such as the popular National Instruments LabVIEW package), the proposed system uses a custom software stack that is purpose-built for rapidly developing surgical robotics applications. There is a balancing act that development environments must walk carefully; if a platform is too general-purpose, it takes too much time to integrate individual modules together (since the platform does not enforce enough constraints), however, if the platform is too structured, it lacks the flexibility necessary to implement arbitrary features that the platform wasn't designed to support. Fig. 7 illustrates the software architecture.
To this end, the platform was designed to provide core robot services, while moving all other functionalities into an extensible plug-in infrastructure. The software architecture consists of five modules that loosely couple together. The Messaging System module provides a messaging service for the entire application, allowing each module to remain strongly decoupled. The Robot API module provides abstraction to the physical system. A virtual robot runtime model provides a DirectX-accelerated 3D view of the robot. The Configuration Loader / Dependency Injector module is responsible for instantiating core runtime objects and loading their respective configuration data. Other than these core components, all of the application's functionality (controller inputs, inverse kinematics, telesurgery, data logging and diagnostics, etc) is programmed through individual plugins. The program source code is available on GitHub at https://github.com/surgical-robots/robotcontrol-app. A screenshot of the software's user interface is shown in Fig. 8. 
Messaging System
In classic application design, separate modules are hooked together with references to callback functions or shared global variables. As the complexity of the application grows, this becomes unmanageable; changing one module might involve changing method signatures or references in dozens of places in the source tree. Since this platform was designed as a development environment for surgical robotics research, it is important that new functionality can be developed quickly by team members who may be unfamiliar with the entire source tree of the applicationthis means module interdependencies must be minimized as much as possible. To eliminate interdependencies of modules on each other, the application incorporates a messaging system that provides a unified message format (a single double-precision numerical value) that can be passed between different modules. The messaging system allows each module to registerat runtime -a list of topics (represented as human-readable strings) that it is capable of publishing to and subscribing from. The messaging system also provides a user interface API that can be embedded in each module to control where published messages are sent. The user interacts with this API to hook up modules at runtime.
Configuration Loader / Dependency Injector
Since all modules are wired up to each other at runtime, dozens of connections need to be made before the application is suitable for use. To reduce tedious configuration, the application provides a configuration loader component that can save and recall these module instantiations and connections.
Robot API
The Robot API consists of an architecture that abstracts computer-robot communication, which allows support to be built for serial, USB, Ethernet, Bluetooth, proprietary wireless, or any other arbitrary communication interface. While the current hardware platform uses serial communication (abstracted using a USB interface on the computer side), it is imaginable that future generations could use an alternative interface. This abstraction also allows a "virtual robot" interface to be built for use as a software test fixture for developing algorithms without requiring physical hardware to be present, or for studying performance and reliability. Each of the communication transports themselves can easily be extended to other derived transports; for example, the serial communication transport could be extended to a "debug" serial communication transport that transparently logs all exchanged messages.
The Robot API layer also provides control and data services to discover, control, configure, and read motor control modules. Each software robot has a collection of zero or more controllers, which themselves can each have zero, one, or two motors attached to it. Controllers can be manually added to a software robot by ID, or they can be auto-discovered (which is more commonly done). Each controller has a "friendly name" property which can be used to describe where the controller is physically located in the robot, as an example. Once a controller is instantiated, motors can be added to it; each motor has a "name" property that can be used to describe the motor, along with controls for jogging the motor, keying in a setpoint manually, setting the gearing ratio, and observing the most recent shaft position retrieved by the motor, along with the current consumption of the motor.
Virtual Robot Runtime Model
Using the current vision system, the user has a good view of the end effectors and workspace but does not have a complete view of the robot. To accompany the vision system and give the user a better idea of the robot joint configuration, a dynamic 3D model of the robot was developed for the control platform. A set of *.stl files are imported to the software. The models are grouped together and dynamically rotated to display the orientation of the robot in realtime. An example view from this plugin is shown in Fig. 9. 
Plug-in Architecture
The software architecture enables rapid development of a wide range of functionality by providing a plug-in infrastructure that allows individual software modules to publish data and subscribe to data. Each plug-in contains a configuration pane, an arbitrary number of named inputs, and an arbitrary number of named outputs.
For maximum performance, plug-ins are implemented as a derived class, with no dynamic (duck) typing. To do this, all inputs and outputs are restricted to realvalued numbers, represented as double-precision floatingpoint numbers. While this slightly limits flexibility, it allows much better performance than unrestricted data types. Because each plug-in is simply a class, the language provides built-in capabilities to discover plug-ins that are part of the compiled assembly during run-time, and dynamically instantiate a plug-in one or more times.
When a plug-in is instantiated, its input list (consisting of zero or more inputs) is registered with a global input registry; if a plug-in is removed, its inputs are also removed from this list. A plug-in can have zero or more outputs; the base plug-in class provides a GUI for driving these outputs into zero or more plug-in inputs found in the registry. In this way, output signals are "pushed" into inputs (rather than the more-common subscription model).
Outside of the actual robot command/control functionality, all other runtime functionality is written into plug-ins. This includes base plug-ins necessary for basic robot operation, like inverse kinematics, and input control. Other plug-ins provide haptic workspace functionality, the ability to record and play back data captured during experiments, plus emerging work in telemedicine, haptic feedback, and 3D visualization.
A small selection of plug-ins relevant to understanding the functionality and capabilities of the platform will be described next.
Geomagic Touch
The Geomagic Touch plug-in interfaces the popular off-theshelf haptic controller with the proposed system. The controller is a motorized haptic device that applies force feedback to the user's hand while also providing position feedback in Cartesian coordinates relative to the controller's origin. The plug-in provides a bidirectional communication interface between the controller and the master computer, allowing the plug-in to output absolute position coordinates to as well as receive force input from a suite of plug-ins.
Several plug-ins manipulate the raw position data from the controllers, including scaling and clutching functions. The scaling plug-in was developed to scale input position by a user defined ratio. This plug-in gives the user the ability to have very fine control of the output robot position when necessary. When the output is scaled down from the input, the user may run into the physical limits of the controller hardware before leaving the robot's workspace. For this reason, a clutching plug-in gives the user the ability to press and hold a button to drag the workspace around. This action allows the user to move back into the useful volume of the controller without moving the robot.
Haptic Workspace & Feedback
The haptic capabilities provided by the controllers enable the system to give the user physical feedback about the forces the robot is encountering during operation, as well as physically constraining the controllers to the actual workspace of the proposed robot. Viscous forces are applied to the controllers to help reduce tremor in the user's hand as well as damp oscillations if the controllers are dropped. Additional input from the user can be mapped to the plugin to haptically lock the controllers and pause output to the robot.
Because the shoulders of the manipulators have one degree of freedom less than a human shoulder joint, the feel of the workspace is not intuitive for novice users. To give the user a sense of when they are leaving the reachable space of the robot, a haptic workspace plug-in was developed. By mathematically defining the shapes that make up the workspace (spheres, tori), haptic barriers can be projected onto the controllers to keep the user inside of reachable space. When the controllers move outside of the the workspace of the robot, the nearest point inside the space is calculated. The nearest point is used in the inverse kinematics calculations and the controller is forced back in to the workspace.
Another option for applying the workspace to the controllers involves the use of the OpenHaptics API to interface directly with the Geomagic Touch devices. The API makes use of common OpenGL commands and can be used to load three dimensional objects directly into the devices workspace. This method is used to load commonly accessible *.obj files of the workspace geometry into the robot software. Equations to define the workspace are no longer necessary, and contact barrier forces are automatically calculated and applied to the haptic device by the OpenHaptics API. Workspaces for new arm configurations could be quickly loaded into the software by simply loading a different workspace model. This method also opens up the possibility of loading the opposite arm into the workspace to prevent arm-arm collisions.
Hardware Interface
Plug-ins have been developed to facilitate the integration of additional control hardware with the software. Any microcontroller with a serial interface can be combined with digital or analog input hardware to create custom controllers that can easily integrate with the control software. Currently, a set of foot pedals is used to compliment the buttons that are on the Geomagic Touch controllers. The plugin can connect to any serial port and receive data that can be mapped to any other plug-in input.
Telemedicine System
The robotic system also includes an application used for telemedicine. The application has telestration features including audio conferencing, live video feed, and visual markup, or drawing. It also allows for telesurgery by managing all connected users and allowing multiple surgeons to effectively share control of the robot. Fig. 10 shows the master and remote console. The telestrative features include audio and video transmissions to all connected users. Any time while the application is running, a user can join the audio conference to speak with others during a surgery. This system also enables all users to draw directly on the video, providing markup which all users can see. This application enables multiple surgeons to share a single robot by transferring control so only one surgeon is controlling the robot at a time. This is done with a request/grant control flow. Users have the ability to request control and the operator can either grant or deny control. The master (local) computer is given override control over other connected users via a configurable button. The telemedicine plugin also includes a feature to force the users haptic controller to the operator's controller position.
Master Station
Remote Station via LAN Connection Figure 10 . The telesurgery system was tested using a LAN connection.
This system has been tested thoroughly in several benchtop studies at the University of Nebraska-Lincoln and the University of Nebraska Medical Center. Further testing in animal studies will be the focus of future work. Network delay is a big concern for telemedicine, so future work will also include finding solutions to this common problem. Network communication studies will be done for actual networks, and the results will guide further development.
Evaluation
The robotic systems has been evaluated at the University of Nebraska Medical Center's Center for Advanced Surgical Technology (CAST). Initially, the robot was tested by a surgeon in benchtop studies using standard laparoscopic peg transfer tests. 35 The peg transfer test involves picking up an object off a peg with the non-dominant hand, transferring to the dominant hand in mid-air, and placing it back on a peg. Because the current robot only employs one grasper, the standard peg trasfer test could not be performed; however, the surgeon reported that the robot was able to sufficently perform the single-grasper transfer task and was able to use the cautery hook to assist in the manipulation of the object. The preliminarily telesurgery system was tested on an internal network in multiple benchtop studies. As is the case with all IP-based networks, latency varied considerably based on network congestion and topology, however, the surgeon found the system to have minimal lag and the procedures for passing robotic control easy to use. The dynamic absolute position error between commanded position and actual position are illustrated in Fig.  11 . The figure compares the error in local control with the error in teleoperation over an internal network during a simple peg transfer task with a single arm. The average error during the task for local control was 4.04 millimeters and 7.26 millimeters for teleoperation.
The position delay of the motor control system is an important metric in robot performance as it determines how well the mechanical system responds to the commands of the operater. The motor control was evaluated by sending setpoints to the motor controller and measuring the position response of the motor. The motor position was measured using the Hall sensors by the motor control module and sent to the control software and recorded. To isolate the mechanical system, motors were tested with no applied load. Fig. 12 shows the input and response of a commanded position step from 0-90 degrees. This illustates that the end-to-end response of the robot is about 400 milliseconds. After benchtop testing proved sufficient dexterity to perform surgical tasks, an animal procedure on a porcine model was performed. The first animal test was performed as an open surgery to provide the engineering team with a good view of how the robot manipulated and cauterized tissue. The open procedure proved that the robot had sufficient strength to manipulate tissue and organs as well as proved that the circuitry was robust enough to withstand the high EMF emitted by the mono-polar cautery tool. In later tests, the robot was successfully inserted through a standard Gel-Port in a porcine model. The brushless motors and motor control modules have been tested in both vaporized hydrogen peroxide and autoclave cycles. The motor controllers withstood both sterilization methods, while the motors only survived the the hydrogen peroxide cycle. 
Conclusion
This paper presents a novel LESS surgical robotics platform designed for rapid development of next-generation surgical robotics technologies, like high-fidelity haptic feedback, telesurgical functions for training and operation, semiautomated surgery, and in-surgery, real-time augmented reality. This work builds on more than a decade of in-lab development and real-world testing of a wide portfolio of LESS robots, with novel improvements in system architecture, control, and mechanical design.
Detailed design goals described the key requirements for LESS surgery -with an emphasis on suitability for colectomy procedures. Each robotic arm was designed to have four degrees of freedom to the end effector with a total length of 175 mm, resulting in an adequate workspace inside of the abdominal cavity. Higher degrees of freedom were avoided in order to reduce the complexity of the drive mechanisms and control software yet retain a system that is dexterous enough to perform surgical procedures. Geardriven actuation and brushless DC motors produce a reliable, compact, and sufficiently powerful drivetrain. The use of a nested concentric shaft design for the shoulder differential made it possible to locate the shoulder motors and control electronics outside of the body. The overall system is compact and low power, with all robot communications through a single USB port and a software package that can run on any computer with a Windows operating system. An entirely new software framework was written in C#, a high-performance, modern language designed for rapid application development. The software features extensible plug-in support to enable researchers to quickly iterate and deploy new functionality.
The proposed system was evaluated using benchtop testing, where it demonstrated the dexterity to perform standard laparoscopic training procedures using both local and teleoperated control; preliminary in situ porcine testing demonstrates the platform's design features a usable workspace suitable for colectomy procedures and sufficient strength to manipulate tissue.
Future work will include increasing the dexterity of the robot, minimizing the size, enhancing the haptic feedback capabilities of the platform, and making this functional-ity more robust. Further testing of the telesurgery abilities of the platform must demonstrate immunity to congested networks that have significant packet delay (such as the Internet) before tested on a live porcine model. Ultimately, a vision-based augmented-reality and computerassisted semi-automated surgery system will be integrated into the software platform -this will enable the surgeon to gain tremendous insight into the surgical environment and allow the surgeon to interact with the robot at a higher level; soon, a surgeon will simply draw out the whole procedure on a screen, and let the robot execute the entire surgery unassisted.
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